ABSTRACT
INTRODUCTION
Numerical simulations for the development of shock pairs have been studied using two approaches: the unsteady 1-D models, and the quasi-steady corotating models. The former has been used to study the gasdynamic evolution of stream structures (Hundhausen, 1973a,b; Hundhausen and Gosling,1976; ) and the MUD simulation of interplanetary shock pairs (Steinolfson et al.,1975; Dryer and Steinolfson,1976; and Dryer et al.,1978; Whang, 1984) . The latter has been used to study MHD formation of shocks in corotating stream structures (Whang and Chien, 1981; Pizzo, 1982; . Solar wind observations made by Pioneer 10 and 11 confirmed the predictions that the shock pairs which form in front of corotating high-speed streams should be prominent features of the large-scale solar wind structure near 5 AU (Dessler and Fejer, 1963; and Hundhausen, 1973b) . Hundhausen and Gosling (1976) found that the solar wind speed observed by Pioneer 10 beyond 4 AU revealed a prevalent sawtooth-like profile. Their calculation shows that the evolution of a stream between 1 AU and 6 AU leads to the formation of a forward-reverse shock pair. At 4 AU the pair exhibits a double-sawtooth velocity profile similar to that observed by Pioneer 10. The calculation also shows a large enhancement in plasma density in the compression region bounded by the shock pair. An independent analysis of Pioneer 10 and 11 magnetic field and plasma observations by Smith and Wolfe (1976) reported the observation of large enhancements in density, temperature, field strength, and fluctuation level in the regions bounded by the shock pairs. This observation has strengthened the interpretation regarding the existence of shock pairs in the solar wind stream structure beyond 1 AU.
To include the magnetic field effects in the simulation model, Dryer and Steinolfson (1976) computed the evolution of two forward-reverse MHD shock pairs between 0.3 and 10 AU from simulated twin coronal hole streams. Recently Whang (1984) introduced a new approach to study the development of the forward-reverse MHD shock pair at large heliocentric distances using an MHD unsteady 1-D model. The method which treats each shock as a surface of discontinuity of zero thickness becomes particularly effective in the region where the interaction of discontinuity surfaces (such as collision or merging of shocks) take place. The forward and reverse shocks which form at the leading edge and propagate in opposite directions continues to widen the radial dimension of the shock compression region (pressure wave). The shock compression region evolves with increasing heliocentric distances to become an increasingly important large-scale dynamical structure of the interplanetary medium at large heliocentric distances. The total pressure, the magnetic field and plasma density in the shock compression region are significantly greater than those outside its shock boundaries.
Theoretical treatment of quasi-steady hydrodynamic corotational interplanetary structures were first introduced by Carovillano and Siscoe (1969) , and Siscoe and Finley (1972) . Pizzo (1978 Pizzo ( ,1980 numerically simulated the evolution of corotating streams. Whang (1980) This evolution process has been presented by Gosling et al. (1976 , Burlaga (1983) , and Burlaga and Goldstein (1984) . Dryer and Steinolfson (1976) and Dryer et al.(1978) have calculated the collision between the forward and reverse shocks from adjacent shock pairs associated with two identical corotating streams. Burlaga (1983) and Pizzo (1983) estimated that at 20-25 AU shocks from successive Carrington is much greater than that of Pair A. The shocks were moving apart into rarefaction regions on either side (see p* in Figure 1 ). As the reverse shock RB moved into a rarefaction region, the flow speed behind RB decreased nearly at the same pace as the speed on the front side. Similarly, the speed behind the FB increased as the shock propagated. As a result, a visible slope in velocity profile was generated in the shock compression region to form the double-sawtooth configuration at the orbit of Voyager 2.
The two shock pairs (A and B) have been observed by both 
COLLISION OF A FORWARD AND A REVERSE SHOCK
The collision of two shocks FA and RB demonstrates the principal result of the coalescence of two pressure waves. The numerical solutions show that a second-generation shock compression region bounded by RB and FA was produced after the collision of the two shocks as shown in Figure 3 . A contact surface (CS) appeared in the new compression region. Figure 4 plots the variation of the state of each shock wave represented by two parameters -the shock speed and the density ratio. The shock pair A driven by a large stream continued to grow in shock strength in days 0 to 3. The two shocks FA and RB collided on day 6.8. Both FA and RB were weakened as a result of the collision.
The top panel of Figure 4 shows the variation of the shock speeds during the 20 days period and the sudden change in shock speeds due to collision. Those who are interested in the gradual evolution of the shock pair may find useful information from a printout of several shock parameters in Table 1 . The first three columns identify the time, heliocentric distance, and the preshock flow speed; other columns identify the shock speed, various parameters measuring the shock strength, and flow conditions in front of the shocks. Figure 2 . The two shock pairs (A and B) have been observed by both Voyager 1 and 2 . As Voyager 2 data are used as input, the initial state of the four shocks (shock speeds and shock strengths) have to be carefully adjusted so that the plasma and field calculated at the Voyager 1 orbit are in good agreement with observation. Figure 4. The variation of the state of the four shock waves (represented by two parameters the shock speed and the density ratio) during the 20 days period and their sudden changes due to collision on day 6.8. HELIOCENTRIC DISTANCE (AU) Figure 5 . After collision, the flow speed remained continuous across the contact surface in the second-generation shock compression region. As FA moved into a region with increasing flow speed and RB moved into a region with decreasing flow speed, the velocity profile evolved into a sawtooth configuration on day 20. Figure 6 . Two distinct pressure waves are seen on day 0 at the bottom panel. After the collision of FA and RB, the profile of the total pressure changed significantly. The total pressure in the second-generation shock compression region is two orders of magnitude greater than that predicted by an adiabatic solar wind under the assumption that there were no shocks in the heliosphere. HELIOCENTRIC DISTANCE (AU) Figure 7 . The temperature is discontinuous across a contact surface that has formed as a result of the collision between FA and RB. Because the two shock pairs are not equal in shock strength, in the second-generation shock compression region the temperature is higher on the side of the stronger initial shock pair. Figure 8 . The number density is also discontinuous across the contact surface. In the second-generation shock compression region the plasma density is lower on the side of the stronger initial shock pair. HELIOCENTRIC DISTANCE (AU) Figure 9 . The balance of the total pressure across CS requires that the magnetic pressure must be lower on the side of CS with higher temperature.
